The moisture durability of an envelope component such as a wall or roof is difficult to predict. Moisture durability depends on all the construction materials used, as well as the climate, orientation, air tightness, and indoor conditions. Modern building codes require more insulation and tighter construction but provide little guidance about how to ensure these energy-efficient assemblies remain moisture durable. Furthermore, as new products and materials are introduced, builders are increasingly uncertain about the long-term durability of their building envelope designs. Oak Ridge National Laboratory and the US Department of Energy's Building America Program are applying a rule-based expert system methodology in a web tool to help designers determine whether a given wall design is likely to be moisture durable and provide expert guidance on moisture risk management specific to a wall design and climate. The expert system is populated with knowledge from both expert judgment and probabilistic hygrothermal simulation results.
Introduction
As building codes become more stringent and focused on energy efficiency, care must be taken to understand the moisture durability of new energy-efficient wall and roof designs; otherwise, these building components can have increased moisture durability risk (Glass et al., 2015; Smegal et al., 2016) . Also, the plethora of new materials entering the marketplace, and the different materials a builder can use to meet code, only makes moisture durability evaluations more complex. The durability depends not only on the individual materials used in the construction but also on their arrangement and orientation along with local outdoor climate and indoor conditions. These issues make builders uncertain about the long-term moisture durability of new wall designs (Kochkin, 2016) .
An expert system is uniquely situated to solve this growing gap in building science. Expert systems were developed in the 1970s to solve problems that required human-like decision-making (Maher and Foreward, 1990) . The system does this through two subsystems called the knowledge base (KB) and the inference engine. The KB captures the knowledge of experts in a specific area of expertise using rules usually captured as if/then statements. The inference engine takes a set of facts that a user inputs and makes conclusions about the input set based on the KB rules. The conclusion is a new rule that isn't explicitly defined in the KB. Expert systems have been used in many disciplines, including the medical field and the automotive industry (Gusikhin et al., 2007; Shortliffe and Gero, 1986) . Expert systems have also been used in the building industry for applications such as daylighting design (Gagne et al., 2011) , building design aids (Lutton, 1995; Mazouz and Zerouala, 2001; Rosenman, 1990) , outdoor lighting control (Atis and Ekren, 2016) , humidity and temperature control of heating, ventilation, and air conditioning (HVAC) (Soyguder and Alli, 2009) , and more (Maor and Reddy, 2003) .
We have applied this rule-based expert system concept to aid builders and designers in constructing walls that are moisture durable and energy efficient. We populated the KB with both expert knowledge and probabilistic hygrothermal simulation results. We present the methodology for the expert system applied to moisture durability of envelopes and show the incorporation of the system into the Building Science Advisor (BSA), a prototype web tool aimed at bringing this building science knowledge to those who need it. Durability risk results produced by the BSA are then compared to the literature.
Method
The moisture durability expert system links users like builders and designers to expert knowledge concerning the moisture performance of wall assemblies. To accomplish this, the expert system has three main parts: the user interface, the inference engine, and the KB shown in Figure 1 . The KB is populated with two sources: expert knowledge and probabilistic hygrothermal simulation results using the software EnergyPlus and WUFI. The user selects wall construction details and views moisture durability results at the user interface. The inference engine connects the user to the KB, matching the user's wall to knowledge about specific wall designs in the KB.
KB
The KB of the wall durability expert system will contain information from both experts in the building science field and probabilistic hygrothermal simulations. Experts in the field of building science rely on years of experience to predict the moisture performance of a wall design. This knowledge is extensive when it comes to common wall assemblies; however, expert knowledge is sparse for newer or less common wall designs. Furthermore, as walls become more insulated and airtight, the moisture durability of a specific design can change. In these cases, hygrothermal models can be used to predict the moisture durability of these wall designs. Both of these KB sources will be described.
All information is captured in the form of rules using if/then statements. A simple example is: If (wall cladding is absorptive and there is no ventilated air gap), then (moisture durability risk is high and the user is provided with the guidance: ''Provide ventilated air gap behind cladding to disperse solar driven moisture.'').
These rules are used to determine whether a user-designed wall has a low, medium, or high moisture durability risk.
Expert knowledge. To populate the KB with fully defined walls and wall component combinations with known moisture durability performance, we convened two meetings with experts in moisture and building envelopes to gather their opinions on different wall assemblies. During the first meeting, experts predicted the moisture performance of 25 walls in the International Energy Conservation Code's Figure 1 . The expert system connects users to expert knowledge, which requires three parts: a user interface, an inference engine, and a knowledge base. The knowledge base is populated with information from expert building scientists and probabilistic hygrothermal simulation results.
(IECC) (International Code Council (ICC), 2015a) hot-humid climate zone (CZ) 2A as low, medium, or high moisture durability risk using the colors green, yellow, or red, respectively, and provided comments on the performance of each wall. A second meeting of experts was held to discuss walls in IECC CZ 5A. The expert knowledge from these meetings was expanded for all CZs and described in Table 1 for wood-framed walls. In Table 1 , the interior vapor retarder's (VR) moisture vapor permeance is defined by class I, II, or III. Class I includes materials with moisture vapor permeance less than 0.1 perm (5.7 ng/s m 2 Pa); class II, between 0.1 and 1 perm (57 ng/s m 2 Pa); and class III, materials greater than 1 perm. These expert opinions are largely based on an understanding of diffusion phenomena without consideration of how water vapor transported by moving air (i.e. advection) affects the moisture durability of wood-framed walls. This important omission can cause significant moisture durability risk, but it is difficult to assess conceptually since air leakage varies significantly for different installations of the same wall design.
Other sources of knowledge that were used for adding rules to the KB include International Residential Code (IRC) Table R2702.7.1 concerning the use of class III VRs (ICC, 2015b) . Other rules for minimizing condensation risk in colder climates using a proper ratio of continuous to cavity insulation are also included (Crandell, 2015; Straube, 2011) .
Probabilistic hygrothermal simulation results. For wall designs not evaluated by experts or without expert consensus, probabilistic hygrothermal simulations are completed to determine the moisture durability of the wall. Background of probabilistic simulations. Typical building energy or hygrothermal simulations are deterministic, meaning that every input is a single number and assumed to be known. The output of a deterministic model is specific to one building, occupancy pattern, etc. These models have limitations in that many of the inputs are not known and so must be assumed; also, the results are limited in that they only provide insight into how a building component will perform under one condition.
Probabilistic simulations use probability curves for some or all inputs. The Monte Carlo simulation technique is used to sample these probability curves to select inputs for a simulation. If many simulations are completed, the result of the probabilistic simulation set is itself a probability curve. Applied to building science, this approach takes into account the range of conditions a building envelope component might experience in the whole of the US building stock and can aid in making better risk assessment decisions concerning the moisture durability of wall assemblies.
Probabilistic simulations of indoor boundary conditions-EnergyPlus. In our case, we varied the indoor boundary conditions, temperature, and relative humidity of the wall assembly probabilistically and then used this information in the hygrothermal model of the wall. EnergyPlus was used to generate the hourly indoor air temperature and relative humidity boundary condition. The effective moisture-penetration depth (EMPD) heat balance algorithm was used in EnergyPlus 8.5 to capture the sorption properties of the building materials. The EMPD heat balance algorithm has been previously validated against the more accurate and complicated combined heat and moisture finite element heat balance algorithm (Woods et al., 2013) . Probabilistic variables in the EnergyPlus simulations included internal loads (sensible and latent), home size, thermostat set points, and air tightness.
The home size, or finished floor area, distribution was developed from 2009 Residential Energy Consumption Survey (RECS) microdata (US Energy Information Administration, 2009) and is shown in Figure 2 . These data are used in determining the internal load generation and for the EnergyPlus building model.
The internal loads were estimated by a custom computer code called the Generation of Indoor Heat and Moisture (GIHM) tool. This tool uses probabilistic inputs and Monte Carlo to determine year-long hourly sensible and latent generation rates for a home . Figure 3 shows the resulting probability charts for the latent and sensible heat generation for 2000 runs of the GIHM tool. This information is used as a probabilistically varying input to the EnergyPlus building model.
The thermostat set point is an important variable affecting moisture durability. For example, a low cooling set point can lead to cold condensing surfaces in the wall during the summer. Therefore, we consider the thermostat set point a probabilistic variable. To determine the input curves, data from the 2009 RECS were used. These data vary with CZ, but for illustrative purposes, all climates are shown together in Figure 4 . For simulation purposes, the actual heating and cooling set points for an individual house in RECS were used; if the heating set point was greater than the cooling set point, then the couplet was discarded and another set point couplet was chosen.
Finally, the air tightness of a home can greatly impact the indoor condition and thus the indoor boundary condition of a wall, as well as the amount of air that travels through the wall. Probability distributions of air tightness were used from Lawrence Berkeley National Laboratory's Residential Diagnostic Database (Sherman et al., 2011) . The database includes thousands of homes with measured air leakage rate and house characteristics. Homes were filtered by selecting those built after 2000, with no Weatherization Assistance Program qualification, no ENERGY STAR certification, and with ducts in the unconditioned space. Other filters were based on discrete or probabilistic model inputs such as floor area, CZ, and foundation type. Figure 5 shows the probability distributions for air change per hour at 50 Pa (ACH50) for selected CZs and house characteristics.
Discrete variables included building type and location. Foundation type and building story were adjusted, which resulted in six different building types. Onestory and two-story homes were modeled for three different foundation types: unvented crawlspace, unfinished basement, and slab. For more information on these probabilistic simulations of the indoor climate, see Buechler et al. (2017) and Boudreaux et al. (2016) . Actual meteorological year outdoor boundary condition. For the outdoor boundary conditions, 5 years of actual weather data were used from White Box Technologies, Inc. for a representative city in each of the 14 IECC (2014) CZs 1A-7A. The representative cities from Deru et al. (2011) were used.
Probabilistic simulations of wall moisture durability-WUFI. For each individual wall, many WUFI simulations are conducted in each appropriate CZ for the probabilistic set of interior boundary conditions obtained from EnergyPlus. WUFI has been validated for typical assemblies in Sweden and the United States, as well as many other locations (Mundt-Petersen and Harderup, 2013; Straube and Schumacher, 2003) . WUFI yields the probability distribution of the moisture content (MC) or mold growth index (MGI) of wood-based materials in the wall; this distribution can be used to evaluate moisture durability. The MC is defined as the ratio of moisture to dry wood multiplied by 100. The MGI is a number between 0 and 6 with 0 indicating no mold growth and 6 indicating heavy and tight mold growth with ;100% coverage of the material (American Society of Heating, Refrigeration and Air-Conditioning Engineers (ASHRAE), 2016; Ojanen et al., 2011) .
There have been some questions as to the accuracy of WUFI1D's handling of air leakage (Ku¨nzel et al., 2011) . To improve the accuracy of the heat and moisture transfer between the air and wall materials, ORNL developed an approach called the h-method. The h-method uses a factor multiplied by the air source that depends on location in the air flow path; this method improves the accuracy of the effects of air infiltration in WUFI1D. This approach was validated using a test wall assembly with temperature measured along an air flow path. The wall assembly was installed into ORNL's Heat, Air, and Moisture (HAM) wall chamber with controlled conditions on each side of the wall. The results of the test were compared with results from the traditional WUFI1D and from WUFI1D using the h-method. The h-method improved the temperature prediction by about three times, from an error of 6 3.7F to 6 1.3F. This chamber test validates that WUFI with the h-method can predict the temperature inside a wall due to air leakage, which is critical in determining the MC of materials. For more information on the h-method, see .
After completion of the WUFI simulations, the resulting MGI probability distribution is analyzed to determine whether the wall has a low, medium, or high moisture durability risk. Table 2 shows how the moisture durability risk is determined from the resulting probability distribution of MGI.
Inference engine-connecting users to the KB The inference engine connects the user to the KB and, based on KB rules, offers the appropriate moisture durability risk and guidance based on the user's input. In expert systems, the inference engine typically comes to a conclusion even though the user input is not explicitly defined in the KB. In the case of the moisture durability expert system, the rules in the KB are in terms of material properties such as water vapor permeance. The inference engine accomplishes two main tasks: it converts the user input materials to their appropriate hygrothermal properties and then matches them to rules in the KB. For example, the inference engine will associate brick with absorptive cladding and then search the KB for matching rules. This is accomplished by a set of database tables and queries.
The individual materials in the wall are reduced to their hygrothermal properties as outlined in Table 3 , which shows how each material option under a wall component category is categorized into hygrothermal material properties.
After the user's wall is converted to material properties, a query searches for the user's wall (or any part of the wall assembly) described in terms of KB rules. For all matched rules, associated guidance is collected and displayed to the user. A given wall can have several matching material properties and guidance. When this is the case, the moisture durability risk of the wall is assumed to be the highest risk of the matched rules; however, the guidance for all the matched rules is displayed to the user.
Results and discussion
The KB and inference engine were combined with a user interface to create the BSA. The BSA is an online durability assessment and learning tool that builders or designers can use to assess and understand the moisture durability of walls installed across the United States. The user interface allows the user to interact with the expert system. The user can choose the location and details of a proposed wall, including the cladding, structure, cavity and continuous insulation, air gap, weather resistive barrier, sheathing, interior VR, interior finish, and air tightness. Figure 6 shows the web-based location selection page, and Figure 7 shows the tab for selecting the interior VR of the wall. Table 4 shows the different materials for each category that a user may select.
The user receives feedback from the expert system in the form of a moisture durability risk indicator and expert guidance. The moisture durability indicator is represented by a traffic light displaying either green, indicating the wall has a low risk; yellow, indicating medium risk; or red, indicating a high risk of moisture durability related problems. A blank or gray traffic light may also be shown, indicating that the KB contains insufficient information to determine the performance of the wall. Figure 8 shows these traffic light indicators. Figure 6 . The user interface makes it easy for a builder or designer to select and visualize the location and components of a wall. Figure 7 . The user navigates through a series of tabs to select all the components that compose the wall. Results for a wall matching to expert knowledge A common building practice is to add a ventilated air space behind absorptive cladding to aid in drying any solar-driven moisture that travels through the cladding so that it does not enter the wall. This was also identified at the expert meetings. Figure 9 shows a wall that has absorptive cladding (brick) but no ventilated air space. The BSA correctly identifies this wall as having a high moisture durability risk (red light) and provides guidance as to why the moisture durability risk is high and measures for remedying the high risk. In this way, the BSA can be used as a tool to help builders understand how wall components and design affect moisture durability.
The BSA was also tested with walls described and evaluated for moisture durability performance in the literature. These walls are shown in Table 5 , which also lists the location of the tests by CZ, wall assembly details, description of the work, performance metric used to determine the moisture durability, and how the BSA prediction compared to the measured moisture durability. Not all the walls could be tested in the BSA, so the total number of walls in this column might not match the total number of walls in the source. Only sources with wood-framed walls were chosen, as currently the BSA has database entries only for wood-framed walls. Karagiozis et al. (2010) describe a wall with the exterior insulation finish system (EIFS), liquid-applied water-resistive barrier (WRB), unfaced fiberglass batts, and latex paint on the interior side of drywall. Both modeling and field tests showed that the MC of the plywood sheathing stayed below 16% for over a year. The BSA also predicted a low risk of moisture durability issues. Drumheller and Carll (2010) tested eight different walls, all with kraft-paperfaced fiberglass batts in the cavity. The walls had various claddings and WRBs installed. Experimental results at a field test exposure facility in mixed-humid climate showed that three north-facing walls had sheathing MC over 16% intermittently during the 2-year study. The BSA predicted all three of these walls as having high moisture durability risk due to the lack of ventilated cavity behind the absorptive cladding. The BSA predicted another wall with stucco, no ventilated cavity, two layers of felt paper, and oriented strand board (OSB) sheathing as having high Figure 9 . The results screen of the BSA indicates the moisture durability risk of the wall and provides guidance on decreasing that risk. This wall has a high risk, which matches the expert knowledge. risk due to the lack of a ventilated cavity behind the cladding; however, the experimental results from the paper showed that the MC of the OSB sheathing stayed below 16% for this wall. Glass et al. (2015) tested 15 different walls with north and south orientations with various claddings, continuous insulation, WRBs, cavity depth, and interior VRs. Field tests for over 1 year showed that all north-facing walls without an interior VR of at least class II showed OSB sheathing MC over 20% for much of the year. When walls used kraft paper as an interior VR, the sheathing MC stayed below 20%. The BSA agreed with most of these experimental results, except for the brick veneer wall with no kraft paper, which the BSA predicted as having low moisture durability risk. Also, the BSA predicted a high moisture durability risk for the manufactured stone veneer and stucco walls with kraft paper due to the lack of ventilated cavity behind the absorptive cladding.
Rose and McCaa (1998) tested 16 walls in IECC CZ 5A which varied in cavity insulation and interior VR. The purpose of the study was to understand how these walls performed in diffusion-only-based moisture movement; however, wire penetrations in the wall showed indications of air leakage through the cavity. This is the only article listed that used mold growth as a performance indicator, as well as sheathing MC. Of all the walls, two showed high sheathing MC and severe mold growth: fiberglass batt insulation with no interior VR and cellulose insulation with no interior VR. The BSA also predicted these assemblies as having a high moisture durability risk. Tariku et al. (2015) studied the effects of wind-driven rain and vapor diffusion on three different wall assemblies in the marine climate. The wall assemblies had fiber cement cladding, spun-bonded polyolefin WRB, plywood sheathing, and fiberglass batts. The wall assemblies had various interior VRs and ventilated cavities behind the cladding. Experimental results showed that the wall with a ventilated cavity and polyethylene film interior VR had sheathing MC less than 16% for north-and south-facing exposures. The other two walls, one with a ventilated cavity and no interior VR and the other with no ventilated cavity but with a class I interior VR, showed periods during the year with sheathing MC greater than 16%. The BSA predicted all three walls as having high risk for moisture durability.
Yuan (2013) reported on the field performance of a stucco cladding wall with opencell spray foam cavity insulation and smart interior VR in the marine climate. Field measurements and simulations showed that the sheathing MC stayed below 16%. The BSA also predicted this wall assembly as having a low moisture durability risk.
These comparisons of the BSA to field-measured data show good agreement with rule-based expert system predictions when the KB is populated with only expert knowledge. However, the few discrepancies show that the general nature of the expert knowledge in the database cannot capture all the nuances of wall assemblies that could affect moisture durability. Therefore, the expert knowledge database is also populated with probabilistic hygrothermal simulation results.
Results for a wall matching to probabilistic modeling results
The wall described in Table 6 was taken through the probabilistic modeling method described here. A total of 1000, year-long interior boundary condition profiles were created using EnergyPlus and then 1000 WUFI simulations were completed with outputs of MGI for each simulation (Pallin et al., 2015) . Figure 10 shows the probability distribution of mold growth for the wall described in Table 6 for a range of interior boundary conditions designed to capture the range of conditions the wall would experience in the US residential building stock. Figure 10. Probability distribution of the mold growth index for the wall described in Table 6 . The probabilistic simulation approach yields a range of moisture durability performance for a wall, indicating its performance in the wide range of environments expected in US homes.
When the rules of Table 2 are applied to the probability distribution in Figure 10 , the wall performance assessment returns a high moisture durability risk (red) since more than 3% of the simulations have an MGI greater than 3. Figure 11 shows the results of the BSA when this wall is assessed, assigning it a high moisture durability risk.
Note that all the materials in the wall in CZ 2A have low vapor resistance (i.e. high permeance). According to expert knowledge captured in Table 1 , this wall should have a low moisture durability risk from a moisture diffusion standpoint, but the hygrothermal simulations suggest that it has a high moisture durability risk. Figure 10 illustrates how a wall can perform differently in a range of interior conditions (temperature, relative humidity and air exchange) and how difficult this is to predict based on experience. As building codes have improved the energy efficiency of walls, new walls have higher thermal resistance and lower infiltration compared to older walls. As Ku¨nzel et al. (2012) suggest, moisture leaks in walls have a much higher moisture durability risk than energy leaks. An energy leak is an air leak that lets air pass through quickly, allowing the air to warm the wall material enough to avoid condensation. A moisture leak is an air leak with a more tortuous path, potentially resulting in condensation, because the exfiltration does not contain enough thermal energy to keep the whole air flow path above the dew Figure 11 . The results screen of the BSA indicates the moisture durability risk of the wall and provides guidance on decreasing that risk. This wall has a high risk, as predicted by the probabilistic hygrothermal simulations, but is considered low risk by expert knowledge.
point. As walls become more energy efficient, energy leaks are minimized, but moisture leaks still occur (Ku¨nzel et al., 2012) .
The wall described in Table 6 was evaluated for the orientation that would promote the highest exterior air infiltration rate, which would maximize the moisture durability risk due to air movement in a hot-humid climate. A sensitivity analysis determined that the cooling set point was the most influential variable for MGI. As the cooling set point was decreased, the potential for infiltrating air to condense inside the wall increased. This exercise shows the importance of probabilistic simulations as a tool for evaluating the moisture durability of walls. We are still in the process of completing and adding the probabilistic simulation results to the KB of the BSA.
Conclusion
We presented a methodology for applying a rule-based expert system to a building envelope's moisture durability risk. We showed how we applied this methodology in a web-based tool, called the BSA, for builders and wall designers to aid in determining and understanding a wall's predicted moisture durability. This tool helps bridge the growing gap in understanding the moisture durability of newer wall designs.
The BSA was tested against a range of peer-reviewed literature sources and showed that the tool captures the body of expert knowledge. We also showed how the tool handles walls that have probabilistic simulation results for predicting the performance and the importance of the simulations for understanding air leakage in walls.
Probabilistic simulations are being completed and added to the KB of the BSA. Also, expert knowledge and simulation results will be added for wall structures not yet in the database, such as walls with insulated panels, insulated concrete form systems, or masonry block structure; walls with untreated wood shingles or untreated clapboard siding; walls with closed-cell spray foam or flash-and-batt cavity insulation; and walls with mineral fiber continuous insulation.
